The nucleotides in gray encode the truncated PhpD protein, for which the complete translated sequence is presented directly below. Fragments of both the 3' terminus of phpC and the 5' terminus of phpE and the corresponding amino acid residues they encode have been included. They are shown clarity and illustrate the complicating issue of overlapping sequences in the PTT gene cluster. Stop codons have been designated by periods and putative ribosome-binding sites have been denoted in italics. Supplementary Table 1 Deletion of PTT biosynthetic genes in S. viridochromogenes. Deletion mutants of PTT genes in S. viridochromogenes were constructed using rpsL dominance in a selection/counter-selection scheme 11 that results in unmarked deletions (Fig. S1) .
Supplementary Tables

Supplementary Table 2. Oligonucleotides used in this study
Mutagenesis was performed essentially as described elsewhere 12 except that the plasmids we used required Apr instead of Thio as the initial selective agent. To isolate a Str R S.
viridochromogenes mutant for deletion analysis, wild-type spores (~7.2510 8 are designed to delete the majority of a gene though they preserve the coding sequence of the first 10 amino acids fused in frame with sequence encoding the last 9 amino acids plus stop codon (Supplementary Figure 10) . This results in a severely truncated gene product when translated, but preserves the coding sequences of flanking genes and minimizes the likelihood of polar effects. This was done because previous analysis of the PTT biosynthetic gene cluster indicated that many genes appeared to have start codons within the ends of upstream genes 3 and we did not want to delete bases common to other genes. Glutamate and arginine were added to the dialysis buffer because they known to stabilize proteins 15 and attempts to dialyze in the absence of these amino acids invariably led to precipitation of His-PhpF. Dialyzed protein was frozen at -70 °C until directly used for analysis.
Initial phosphonoformate-nucleotidyltransferase activity was assayed in 50 mM Herai et al 6 . We did not, however, directly use the published pSH19 vector for our studies because it does not have any E. coli functions to facilitate cloning and other common molecular methods. Instead, we modified pSH19 for use as a shuttle vector by the addition of an E. coli origin of replication (oriR6K) and resistance marker (bla). To facilitate Streptomyces strain construction, an origin of conjugal transfer (oriT) was also added, giving rise to the generally useful shuttle vector pJVD53. pJVD53 was used for over-expression of HisPhpC after cloning hisphpC under control of P nitA (pJVD63). The S. lividans over-expression strain, WM6409, was created by conjugation of pJVD63 from the E. coli donor WM6026 essentially as previously described 12 broth at 30°C to mid-exponential phase and was induced for protein synthesis by addition of IPTG (1 mM final concentration). Cultures were induced for 6 hours before harvest.
HEPES
The cell pellet carrying the over expressed proteins was re-suspended in 50 mM HEPES-K + 10 mM MgCl 2 pH 7.25 buffer and lysed in a chilled French pressure cell. Lysates were centrifuged at 13,000 5 g for 30 minutes at 4°C to remove cell debris and cell extracts were used immediately without further processing to provide enzymatic activity.
Protein expression was verified by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
PnAA was routinely produced in reactions consisting of 10 mM PEP (PEP potassium salt; 99+% pure, Acros), 1.5 mM thiamine pyrophosphate (Sigma) and 1/10 th final assay vol. of WM4491 extract in 50 mM HEPES-K + 10mM MgCl 2 pH 7.25 buffer. Reactions were incubated for 1 hour at 30 °C and protein was removed from the reaction by filtration through a 3 kDa molecular cut off filter (Microcon, Amicon, Beverly MA). The resulting filtrate was analyzed for PEP conversion to PnAA by 31 P NMR analysis. After 31 P NMR verification, PnAA was directly used in assays.
Chemical synthesis of hydroxyethylphosphonate (HEP):
To a solution of dibenzyl phosphite (0.524 g) in dimethylformamide (20 mL) was added cesium carbonate (1.96 g) and tetrabutylammonium iodide (2.42 g). The suspension was stirred at room temperature for 1 h, followed by addition of benzyl 2-bromoethyl ether (216 mg). The mixture was stirred at room temperature for two days. The resulting white suspension was diluted with water (30 mL) and extracted with ethyl acetate (3530 mL). The organic layer was washed with water (3530 mL) and brine (30 mL). The crude product was purified by silica gel chromatography eluting with hexane/EtOAc (1:2) to give a colorless liquid (326 mg, 83%). To this product (103 mg) was added palladium on carbon (20 mg) in methanol (5 mL). The suspension was stirred at room temperature under hydrogen atmosphere overnight. The resulting suspension was filtered, and the filtrate was concentrated to give
